Fast active sampling of volatile organic compounds (VOCs) under field conditions still 29 is a great challenge especially when the exposure time to the source of emissions is 30 a restricting factor. Hence, to identify ideal conditions for such applications, we 31 systematically compared fast active sampling of VOCs collected on two common 32 adsorbents under two regimes: first, very low gas volumes (from 300 mL) sampled at 33 nominal flow rate and, second, sampling at the maximal applicable flow rate 34 (0.5 L/min) before loss of sorbent material was experienced. For XAD-2 and 35 Tenax TA, efficient sorbents for on-site VOC-sampling followed by thermal desorption 36 GC-MS, significant differences in the signal response of volatile compounds were 37 related not only to the varied experimental factors alone, but also to their interactions 38 and to compound volatility. In the first regime, volatiles (~ 0.004 -3.13 mM) from 39 Tenax TA gave the highest signal response only above 800 mL sampled gas volume 40 while at low concentrations (~ 0.004 -0.12 mM), satisfactory recovery from XAD-2 41 required longer analyte-sorbent interaction. For the second regime, the relative 42 recovery was severely impaired down to 73 ± 23 %, n=56 for Tenax TA and 72 ± 17 43 %, n=56 for XAD-2 at equimolar intermediate concentration, and 79 ± 11 %, n=84 for 44 Tenax TA at high concentration compared to the relative recovery at standard flow 45 rate. Neither Tenax TA nor XAD-2 provided a 100% total recovery (calculated using 46 breakthrough values) for any of the evaluated compounds. Finally, two-way and 47 three-way interactions identified in a multi-variable model, explained not only the 48 dependence of the signal response on different experimental variables, but also their 49 complex interplay affecting the recovery of the VOCs. In conclusion, we show for the 50 first time that XAD-2, a material only recently introduced for the adsorption of volatiles 51 from the gas phase, competes well with the standard material Tenax TA under 52 conditions of fast sampling. Due to the similar absolute recovery with Tenax TA even 53 at low concentration and with regard to the better detection limits, we consider XAD-2 54 the better choice for fast sampling of VOCs, particularly with low sample volumes at 55 regular flow. For fast sampling with high flow rate, however, both sorbents might be 56 selected only if the corresponding recovery loss can be accepted for the study.
evaluated for adsorption to XAD-2 and Tenax TA in terms of sensitivity (lower limit of 186 quantitation, LLOQ), linearity, reproducibility and relative recoveries in a range 187 between 0.10 -~250 ng/tube depending on the compound [25] . 188 For this evaluation, a higher concentration level was added to the experimental set 189 up for Tenax TA; the evaluation of linearity (4 -6 calibration levels, slope, intercept, 190 coefficient of determination R 2 > 0.9 and RSD < 25%, n = 4), reproducibility, relative Table 1 describes the composition of the standard 199 mixture at each concentration level with the analytes organized by increasing 200 retention time. 201 The analytes were classified in three groups based on their boiling points as very 202 volatile organic compounds (VVOCs, bp. <°0 to 50 -100 °C) for Group 1 and volatile 203 organic compounds (VOCs, bp. 50 -100 to 240 -260 °C) for Group 2, according to 204 the WHO, 1989 [27] . (Note: this definition has overlapping ranges [28] ). An additional 205 Group 3 comprised the chlorinated VOCs due to their already found lower sensitivity 206 in both sorbent materials [25] and compounds with high boiling points (SVOCs, bp. set up was created to evaluate fast sampling at two regimes: low sample volume at 215 regular flow rate (first approach, lSV) and constant sample volume at uncommonly 216 higher flow rate (second approach, hFR). For evaluation, a two-variable matrix with 217 regular and fast sampling flow rates (100 and 500 mL/min) and different sample gas 218 volumes (300, 500, 800, 1,000, 1,300, 1,500 and 1,800 mL) resulting in the 219 corresponding collection times (3, 5, 8, 10, 13, 15, 18 min for lSV and 0.6, 1.0, 1.4, 220 2.0, 2.6, 3.0, 3.6 min for hFR) was used. In addition, we considered three levels of 221 concentrations for each analyte between 0.004 and 3.13 mM as described above. 222 Triplicate or quadruplicate (n = 3 -4) tubes were loaded per collection time, flow rate, An orthogonal experimental design was used to assess all parameters using 225 equimolar similar as well as near to response-adjusted concentrations (see 2.2) of 226 standard solutions. Table 2 summarizes the different sampling conditions applied to 227 the mixture of volatiles with Tenax TA and XAD-2. 228 The orthogonal experimental design enabled a systematic comparison of the two 229 approaches for fast sampling. i.e. one ion used for quantitation (denoted as "quan ion") and two confirming selective 252 ions as described in [25] . For clarity, all quan ions are listed in Table A 299 Considering that the recovery-critical breakthrough values depend on compound 300 concentration and sampling flow rate [12], we first investigated sampling of a volatile 301 mixture (14 analytes) at the standard flow rate (100 mL/min) for sampled volumes 302 between 300 -1,800 mL for Tenax TA and XAD-2, respectively. The results are 303 illustrated in Fig. 1 .
Signal response at different collection times

304
As shown previously, using XAD-2 the signal response of volatiles was improved 305 increasing the collection time (and, hence, the sampled gas volume) at low 306 concentration, while for Tenax TA the signal response was not affected by longer 307 interaction times ( Fig. 1 A.0 Fig. 1 A. 2), the recovery of volatiles was significantly 311 impaired with sampled gas volumes below 800 mL; p-values < 0.05 (paired t-test, 312 two-tailed distribution) were obtained for the relative response at 300 and 500 mL 313 compared to the maximum tested volume (Table 3) . At very high concentrations in 314 Tenax TA (adjusted response, Fig. 1 A. 3), the maximal signal response was 315 achieved already with 500 mL, but smaller volumes seem to be insufficient to carry 316 the analytes through the entire sorbent bed length. The p-values for the comparison 317 of response from Tenax TA (Table 3) showed that a significantly lower signal 318 response occurred with low sample gas volumes in all tested concentrations except 319 the lowest level and, therefore, recovery loss may be mostly related to the insufficient 320 interaction between the analyte and the surface. It seems that starting from ~700 -321 800 mL sampled gas, the maximum recovery can be achieved. Indeed, the 322 application of higher sample volumes did not improve the relative response of 323 volatiles in the adsorption process ( Fig. 1 A) . This finding corresponds very well with 324 the recommendation of the EPA TO-17 method [18] , where optimal sample volumes 325 starting from 1 L are recommended.
326
In contrast to Tenax TA, the signal intensity with XAD-2 seemed to increase with 327 larger sample gas volumes, particularly at low concentrations ( Fig. 1 B.0 ). Here, a 328 better adsorption of several analytes due to longer interaction may be expected and 337 The impact of volatility on breakthrough and recovery was assessed after grouping 338 the evaluated analytes in three categories labelled as Group 1, Group 2 and Group 3 339 (refer to section 2.2 for further explanation). In Fig. 2 Fig. 1 ). In XAD-2 ( Fig. 3 A.0) , a significantly higher signal response was 422 found at 300 mL (p-value < 0.05 of a paired t-test, two-tailed distribution, refer to 423 Table 4 ). However, above that value, higher sample gas volumes barely affected the 424 recovery any further. Though for Tenax TA (Fig. 3 A.1) , signal responses were also 450 In previous sections, the volatile profiles were evaluated per flow rate, concentration the standard mixture; therefore, the standard deviation illustrates the extent of 473 different recovery among the target compounds.) 474 We consider the recovery loss at higher flow rate to be a consequence of the 475 insufficient interaction time between the analytes and the sorbent at higher flow rates. 476 Indeed, previous studies in field sampling also reported significant differences in SVOCs) (LRT: chi 2 = 4.98, df = 1, p = 0.026). This pattern agreed with the mean-508 normalized response 1 of the complete set of volatiles ( Fig. 1) , on which the signal 509 response increased by increasing sample gas volumes, but it disagreed with the 510 already shown dependence on compound volatility in the first regime (Fig. 2) . This 511 last may be related to a stronger contribution to the model of a higher number of 512 analytes from the Group 2 (VOCs) and Group 3 (chlorinated VOCs and SVOCs) 513 compared to the small Group 1 (VVOCs) as listed in Table 1 .
Signal response in dependence on compound volatility
Signal response at different collection times and in dependence on
Signal response at high flow rate versus low flow rate
514
Nevertheless, at higher flow rate (second regime) and in agreement with the results 515 already shown in Fig. 3 , boiling point and sample gas volume significantly interacted 516 in their effect on the signal response (LRT: chi 2 = 8.16, df = 1, p = 0.004). Table 7 517 describes the linear mixed model estimates for the model on high flow.
518
In contrast to the behavior at nominal flow rate and in agreement with the already 519 shown data, at high flow rate the signal response decreased with increasing sample 520 gas volume for Group 1 (VVOCs) while only slight increases were observed for 521 Groups 2 and 3 (volatile and semi volatile compounds).
522
As an additional model output, only slightly higher signal responses were found for 523 XAD-2 than for Tenax TA at low and high, but not at intermediate concentration were more similar with XAD-2 than with Tenax, which confirms a higher robustness 544 of XAD-2 also against fast sampling with lower collection volumes. fast sampling so that further research could focus on these compounds. However, 608 the use of thermally less stable materials for multi-bed sorbents still needs careful 609 consideration, since complete release of SVOCs and chlorinated compounds, which 610 might commonly be found when sampling in the field, would also be desired.
611
As a last comment, we would like to mention that although EPA method TO 17A 612 approved the loading of liquid mixtures of volatiles in a stream of carrier gas (e.g. 613 nitrogen) to be the optimal method to resemble the air sampling process, sampling For both materials, the "very volatile compound" diethyl ether, showed a reversed behavior compared with all other substances, while aniline and 2-chlorobenzaldehyde showed a very low reproducibility. Therefore, these three were not included in the comparison. *The measurements at 1.3 L were prepared in a different batch for analysis. For both materials, a "very volatile compound", diethyl ether, showed a reversed behavior compared to all other substances. In addition, aniline and 2-chlorobenzaldehyde showed very low reproducibility. Therefore, all three were excluded from the comparison. levels for factorial predictors were "high" (flow, concentration), "Tenax TA" (sorbent) 37 and "adjusted" (response type). Estimates depict effects of levels in parentheses 38 relative to these reference levels. Continuous predictors were z-transformed, non-39 significant interactions were removed from the model. for factorial predictors were "Tenax TA" (sorbent) and "high" (concentration).
Figure Captions
51
Estimates depict effects of levels in parentheses relative to these reference levels.
52
Continuous predictors were z-transformed. 
